Aim: The objective of this in vivo experimental study to evaluate the regenerative potential of a cell therapy combining allogenic periodontal ligament-derived cells within a xenogeneic bone substitute in a similar experimental model.
| INTRODUCTION
The periodontal ligament (PDL) contains mesenchymal stem cells (MSCs) responsible for the maintenance and regeneration of periodontal tissues. These cells, termed PDLSCs, were first isolated by Seo et al. (2004) , and their use as cell therapy has been evaluated in experimental studies (Núñez et al., 2010) demonstrating regenerative potential when seeded in a collagen sponge and implanted in a threewall self-contained intrabony periodontal defect model in beagle dogs (Nuñez et al., 2012) . Other attempts to promote periodontal regeneration by bio-engineered approaches have used collagen sponges mixed with recombinant human bone morphogenetic protein-2 in three-wall intrabony defects (Choi et al., 2002) and growth/differentiation factor-5 in one-wall intrabony periodontal defects (Kim, Wikesjö, et al., 2009) . Collagen sponges as scaffold biomaterial, however, were unable to provide space maintenance in non-contained periodontal lesions. Recent investigations have used the furcation experimental model as a challenging model to evaluate the potential of cell therapies for periodontal regeneration, either using autologous periodontal ligament cells (Suaid et al., 2012) or embryonic stem cells (Yang et al., 2013) . These studies demonstrated the capability of this cell therapy in regenerating the furcation lesion, although without achieving a Accepted: 21 December 2017 DOI: 10.1111 A N I M A L E X P E R I M E N T
Cell therapy with allogenic canine periodontal ligament-derived cells in periodontal regeneration of critical size defects
true supra-crestal periodontal regeneration. To demonstrate this goal, a critical size supra-alveolar defect models was developed (Wikesjö, Kean, & Zimmerman, 1994) and showed its ability to assess the biological potential of new regenerative therapies, as well as the space maintenance ability of the scaffold used (Pellegrini, Seol, Gruber, & Giannobile, 2009; Seol et al., 2010) .
Harvesting autologous PDLSCs requires a prior tooth extraction,
what is an added limiting factor of using this source of cells for periodontal regenerative cell therapies, and hence, there is an aspiration to find effective allogeneic cell-based regenerative approaches, mainly for the treatment of those lesions, such as the supracrestal periodontal defects where traditional periodontal regenerative approaches are not predictable (Ding et al., 2010) . It was, therefore, the purpose of this pre-clinical experimental in vivo study to assess the regenerative potential of an allogenic cell therapy, using canine periodontal ligamentderived cells seeded in a xenogeneic porous bone replacement graft implanted in critical size supra-alveolar furcation defects in dogs.
| MATERIAL AND METHODS

| Cell culture
Allogenic canine periodontal ligament-derived cells (canine PDLDCs) were harvested from extracted premolars in dogs using previously reported protocol (Nuñez et al., 2012) and characterization by immunocytochemistry (with antibodies to STRO-1, Osteocalcin, CEMP-1 and CD44); flow cytometry to CD73, CD90, CD44. CD105, CD24, CD45, CD11b, CD80, CD19; and mineralization assays (Nuñez et al., 2012) .
De-proteinzed bovine bone mineral with 10% collagen (DBBM-C; Bio-Oss ® Collagen, Geistlich Pharma AG, Wolhusen, Switzerland) was tested as scaffold and carrier of the allogeneic cells. In 100 mg of scaffold, 2 × 10 6 cells in 200 μl of culture medium were seeded and incubated for 45 min at 37°C in a 5% CO 2 / 95% air incubator, to allow adhesion of the cells to the matrix. The same scaffold, seeded with 200 μl PBS without cells, was used as control. The loading cell capacity of the scaffold was determined with a MTT assay that measures the amount of living cells in/out of the scaffold, when compared against a standard curve containing a known number of cells. This MTT assay uses on a non-radioactive cell proliferation test, which measures the conversion of a tetrazolium salt into a formazan product. Only viable cells were able to catalyse this reaction detected colorimetrically at an absorbance of 490 nm. Results from these assays showed that after 45 min of incubating the cells in DBBM-C more than 80% remained alive for at least 2 hr. After seeding the allogeneic cells on DBMM, as described earlier, the scaffold was transferred to a fresh plate, covered with media to avoid drying and was implanted in the animal experimental defects within 2 hr.
| Animals
This pre-clinical in vivo investigation was designed following to the modified ARRIVE guidelines for pre-clinical research (Vignoletti & Abrahamsson, 2012 
| Surgery
All surgical procedures were performed under general anaesthesia and sterile conditions in an operating room using a mixture of isofluorane at a concentration of 2.5%-4% (Isoba-Vet, Schering-Plough, Madrid, Spain) and oxygen, with a mechanical respirator throughout the surgical procedure. Antibiotic prophylaxis was administrated using cefovecin sodium (8 mg/kg/s.i.d./s.c., Convenia, Zoetis, Spain).
Dogs had free access to drinking water and were fed with a soft diet for reducing the potential mechanical trauma. Plaque control consisted in tooth cleaning three times a week with gauzes embedded in chlorhexidine solution (0.12%) during the first 2 weeks and then a brush and chlorhexidine gluconate gel until euthanasia.
| Surgery 1 (creation of the supra-alveolar defect)
A full mouth prophylaxis using ultrasonic scalers and manual curettes was carried out before the surgical intervention. Mucoperiosteal flaps were raised in both posterior lower jaws, and the teeth PI, PII, the mesial root of MI were extracted. Critical-size 6-mm supra-alveolar periodontal defects around were created around teeth PIII and PIV (Kwon et al., 2010; Wikesjö et al., 1994) . Using chisels and a hand-piece with fissure burs under copious water irrigation; alveolar bone was removed around the circumference of PIII and PIV. Then, the roots of were planed with curettes and water-cooled rotating diamonds to
Clinical Relevance
Scientific rationale for the study: The search for new periodontal regenerative to reconstruct the supra-alveolar periodontal lesion has focused on cell therapies using mesenchymal stem cells. The rational of this experimental investigation was to evaluate the regenerative potential of allogenic mesenchymal cells seeded in a bone replacement graft.
Principal findings: Cell therapy using allogenic canine periodontal ligament-derived cells promoted partial regeneration of supra-alveolar periodontal defects in dogs. 
| Surgery 2 (supra-alveolar regeneration)
After 7 weeks of plaque accumulation, animals were sedated with 25 μg/kg of Medetomidine and reverted with 75 μg/kg of Atipamezol (Antisedan, Esteve, Barcelona, Spain). Ligatures were removed together with the accumulated plaque and calculus using ultrasonic scalers (Figure 1 (1)). Seven days later (8 weeks after the creation of the supra-alveolar defects), the regenerative surgeries were carried out using the same anaesthetic protocol described for the first surgical intervention. After raising buccal and lingual mucoperiosteal flaps, the supra-alveolar periodontal defects were carefully debrided and the roots were planed with curettes ( Figure 1 (2)).
Reference notches were placed at the level of the bone crest at the buccal and inter-radicular surfaces of the two roots to serve as histological landmarks. Each quadrant was randomized with either test or control treatments using a computer generated list (n = 9) (Table A1) . (2)).
| Histological processing
Three-month post-surgery, the animals were sedated and euthanized using an overdose of sodium pentobarbital (40-60 mg/kg/i.v., Dolethal, Vetoquinol, France). Four specimens of 36 (2 control and two test) were immersed in a commercial solution containing EDTA di-sodium salt (volume ratio specimen/decalcifier 1:100, Osteodec, Bio-Optica, Milano, Italy) until complete decalcification. Mesio-distal sections of 5 μm in thickness were obtained, stained with haematoxylin and eosin (HE) and Mallory′s trichrome and evaluated by light microscopy. The other 32 specimens were processed for ground sectioning according to the method described by Donath and Breuner F I G U R E 1 (1) (a). Generation of critical-size: supra-alveolar periodontal defects of 5-6 mm in third and fourth premolars were surgically created. These defects were made chronic by placing orthodontic ligatures around these teeth and allowing dental plaque accumulation. 
| Histological evaluation
All histometric measurements were performed blindly by a single calibrated examiner (IS) (in pre-study calibration exercises the interexaminer agreement was > 96%), using a Nikon Eclipse Ti microscope (Nikon, Heidelberg Germany) equipped with image analysis software (Q-500 MC; Nikon, Heidelberg, Germany) and a computerized image analysis system (NIS Elements BR, Nikon DS-Ri1; Amstelveen, The Netherlands).
| Linear measurements
The following linear measurements (mm) were obtained on the mesial and distal roots of the furcation side ( Figure A1 ) ( 
| Area measurements
A line connecting both notches defined the apical limit of the defect,and the following measurements (mm 2 ) were collected (Caffesse et al., 1990) 
| Statistical analysis
The means and standard deviations for each histological parameter were calculated for both experimental and control groups, being the animal the experimental unit for all the comparisons (n = 9).
Differences between groups were analysed with the Mann-Whitney test for both the histological and clinical outcome variables.
| RESULTS
| Clinical observations
During the postoperative period after the regenerative surgery, healing occurred uneventfully, without the occurrence of relevant adverse effects, such as allergies or other immunologic reactions;
formation of abscesses or rejection of the grafting material. In the majority of the cases, however, there was soft tissue recession in the furcation area with early exposure of the furcation fornix, although soft tissues presented healthy clinical conditions without signs of overt inflammation.
| Histological observations
No significant differences in any of the histological parameters were observed when treatment groups were compared. All defects exhibited new bone formation extending at varying distances from the basal bone, which was easily identified due to its lower calcification.
The presence of biomaterial particles was evident in different quantities depending on the defect. In most cases, the particles in the most coronal area were surrounded by dense connective tissue, but deeper the granules were covered and incorporated in the newly formed bone (Figure 2 (1) and (2)). A PDL space between the tooth and the newly formed bone was clearly observed, but occasionally small areas of ankylosis were observed in both treatment groups. Abundant collagen fibres between the newly created acellular cementum and bone were observed. These new collagen fibres were similar to the adjacent periodontal ligament containing numerous fibroblasts in a matrix composed of collagen fibres and blood vessels. New cellular cementum was clearly identified coronally to the notch, with similar characteristics and dimensions to the primary cementum. Crestal bone remodelling was also identified. A well-differentiated multilayer gingival epithelium was present in all samples without ulcers or lesions. The underlying connective tissue was well vascularized and free of inflammation ( Figure A2 ).
| Histometric analysis
The histometric results are depicted in Tables 1-3 . There were no statistically significant differences between the treatment groups for any of the outcome variables measured. of residual DBBM-C was observed in the control furcations and 5%
(0.57 mm 2 ) in the test group. These residual graft particles were mostly located in the proximity of the residual alveolar bone and were surrounded by new bone formation. Root resorption was not found, but minute areas of ankylosis were observed in both groups, representing the 3% (0.35 mm) of the total defect length. Two control furcations (12.5%) were filled completely and two others with more than 50% filling (12.5%). In the test group, only two specimens (12.5%) presented partial filling of the furcation area.
| DISCUSSION
The aim of this study was to evaluate whether a cell therapy based on the implantation of allogenic canine periodontal ligament-derived cells seeded in a deproteinized bovine bone mineral with 10% collagen scaffold would result in periodontal regeneration in supra-alveolar chronic periodontal defects in beagle dogs. Using a similar experimental model with class III, furcation defects resulted in similar results attaining only partial periodontal regeneration (Susin et al., 2015; Wikesjö & Nilvéus, 1990) . When assessing the extent of periodontal regeneration at the interproximal areas, the results were even more limited in both tested groups, what emphasizes the difficulty to stabilize the blood clot supra-crestally in this location during healing.
Supra-crestal periodontal regeneration not only needs wound stability but also space provision protected from the contaminated oral environment which allows the blood clot maturation and the differentiation to mature periodontal tissues during early healing. In this experimental study, we have used a block of de-proteinized bovine bone mineral combined with 10% collagen as scaffold biomaterial that has shown space maintenance capability and high osteoconductivity in experimental models aimed for bone regeneration (Araújo & Lindhe, 2009 ). The results obtained in this investigation were similar to those reported in a randomized clinical trial for the treatment of periodontal 2-3 walled infrabony defects using autologous PDLSCs seeded in the same biomaterial (DBBM) and compared with the use of the biomaterial alone. No statistically significant differences were reported between test and control groups in terms of clinical attachment level gains and vertical bone fill (Chen et al., 2016) . Other similar experimental studies have used as scaffolds for delivering stem cells synthetic ceramic biomaterials combining hydroxyapatite and ß-tricalcium phosphate, also reporting similar outcomes (Iwata. et al., 2009; ).
The amount of periodontal regeneration achieved in the present investigation was significant with new cementum at the furcation area amounting 4.97 mm. (47% of total defect) and 4.49 mm.
(41% of total defect) in control and test groups, respectively. These results were comparable with another experimental study where periodontal ligament cells were placed in acute furcation defects, reporting a mean 58% regeneration of the defect (Suaid et al., 2012) . The referred experiment used acute periodontal defects, which have a significantly greater capacity to self-regenerate as compared to chronic supracrestal defects utilized in this study.
In another experimental study, using bone marrow mesenchymal stem cells (BMMSCs) seeded on chitosan/anorganic bovine bone for treating acute surgically created one-wall critical size infrabony periodontal reported a regeneration of 38% of total defect (Zang et al., 2016) . The amount of periodontal regeneration achieved within the furcation (2.35 mm and 1.93 mm in control and test groups, respectively) can also be comparable with other experimental studies evaluating guided tissue regeneration with barrier membranes of expanded polytetrafluoethylene (e-PTFE) (Lindhe et al., 1995; Polimeri et al., 2004) or with a combination of enamel matrix proteins and a bioabsorbable membrane (Donos, Sculean, Glavind, Reich, & Karring, 2003) .
Extensive periodontal regeneration has also been reported in an experimental study using BMMSCs seeded in a β-tricalcium phosphate scaffold in class III furcation defects, with 89.2 % of new cementum (Nagahara et al., 2015) . In this model, however, the adjacent teeth T A B L E 3 Histometric results at 3 months post-surgery of Area parameters at furcation area of the supra-alveolar periodontal defects were not extracted, and therefore, the defects were only limited to the furcation area, resulting in a defect anatomy more prone to space maintenance (keyhole defects). Similarly, experimental studies using similar cell therapies in well-contained defects have demonstrated extensive periodontal regeneration when treating intrabony defects (Nuñez et al., 2012) as well as in furcation defects (Suaid et al., 2012 ).
These differences in defect anatomy and morphology, as well as the acuteness of the model may well explain the observed differences in the regenerative outcomes achieved at the different experimental studies.
The supra-crestal furcation model used in this investigation required the coronally advancement of the flaps to attempt for the full coverage of the bio-engineered therapy during healing. The fact that only in two cases in the control group the full closure of the furcation was attained, underscores the difficulty of maintaining regenerated supracrestal defects covered with soft tissues and well protected from the oral contaminated environment. It is well established that bacterial contamination will shift from a regenerative to an inflammatory phenotype, hence limiting the amount of tissue regeneration (Larsson et al., 2016) .
Within the limits of this experimental investigation, the results indicate that the use of DBBM-C with or without allogenic PDLDCs cells promoted periodontal regeneration in experimental critical-size supra-alveolar chronic periodontal defects. Further research is needed to explore the use of cell therapies with efficient methods to avoid soft tissue recession and early exposure of the furcation (Chiu et al., 2013) .
Furthermore, tested cellular therapies might be enhanced by the addition of osteoinductive reagents or differentiating factors (Susin et al., 2015) . CEJ-AB, Distance between cementoenamel junction and alveolar bone; Fornix-AB, Distance between furcation fornix and alveolar bone. Surgery 1 representing at time of defect creation. Surgery 2 measurements were taken 2 months after chronification, prior to performing to regenerative surgery. Mean (SD) mm.
F I G U R E A 1
The histo-morphometric analysis assessed the total length of the root surface; the amount of new cementum formation (NC); the linear extension of the root surface covered by NC adjacent to newly formed bone, with functionally oriented collagen fibres (PR) and the extension of the root surface covered by epithelium and connective tissue 
